Electromechanical Surface Damping (EMSD) is a hybrid technique that incorporates constrained layer damping (CLD) and shunted piezoelectric element methods for the suppression ofvibration in light beam-like or plate-like structures. The EMSD technique enhances the damping effectiveness (peak amplitude suppression) at targeted resonant frequencies, and may therefore be used to extend the damping effectiveness of the constrained layer damping technique over a broader temperature and frequency range than CLD alone. This performance enhancement was demonstrated experimentally by comparing the steady state frequency response ofpartially treated cantilever beams with that of an untreated beam. The experimental results also agreed with the results ofa corresponding analytical model.
Introduction
Vibration control has played an increasingly important role in improving the performance and durability of modem machinery. New vibration control techniques have emerged. Some of the popular techniques are constrained layer damping (CLD), and active control or passive shunting with piezoelectric elements.
In constrained layer damping, a sheet ofviscoelastic material is bonded between the structure and a stiff cap (the constraining layer). As the structure bends during vibration, the treatment dissipates excess vibration energy through shear in the viscoelastic material1 . The most significant limitation of constrained layer damping treatments is their lack of adaptability. Constrained layer damping treatments must be designed for a limited range of temperatures and frequencies because the damping properties of viscoelastic materials depend largely on temperature and frequency. The damping effectiveness drops considerably as the temperature or frequency deviates from the design range. A more robust constrained layer damping treatment can be constructed by layering different viscoelastic materials, but doing so significantly increases the weight of the damping treatment.
Piezoelectric elements have been used alone as both actuators and sensors with active control2. The piezoelectric element is bonded directly to the surface ofthe structure to be damped. A controller uses the signal from a sensor to drive a piezoelectric element and suppress vibration in the structure. The principle disadvantages of active control are the complexity and the risk of instability associated with active control.
Piezoelectric elements have also been used to dissipate mechanical energy through a passive electric circuit3. The piezoelectric element converts mechanical energy into electrical energy that is then dissipated through a resistor in the shunt. The shunt can damp one mode very efficiently by including an inductor that acts with the capacitance of the piezoelectric element to form a resonant circuit. The resonant circuit behaves like a dynamic vibration absorber because it is coupled with the mechanical system by the piezoelectric element. As with mechanical dynamic vibration absorbers, a resonantly shunted piezoelectric element only absorbs vibration energy within a narrow frequency band (an anti-resonance).
Many studies have explored the use of viscoelastic and piezoelectric materials together. The most popular technique, active constrained layer damping2'4 replaces the constraining layer with a piezoelectric element under active control. Active constrained layer damping is more robust than a passive constrained layer because it can adapt to environmental changes. Active constrained layer damping is also less prone to instability than an actively controlled piezoelectric element. However, active constrained layer damping inherits the disadvantage of complexity from its reliance on active control.
A completely passive combination of viscoelastic and piezoelectric materials, called electromechanical surface damping (EMSD) was proposed by Ghoneim.5 The theoretical portion of the study was promising, but the experimental portion was inconclusive.6 This technique is similar to active constrained layer damping, except that the piezoelectric element is shunted with a passive resonant circuit. Constraining the viscoelastic layer with a piezoelectric element allows the treatment to adapt to temperature and/or frequency changes, though in a limited manner. However, shunting the piezoelectric element with a passive network eliminates the complexity and possibility of instability associated with active control. It is the object of this paper to demonstrate experimentally the ability of EMSD to extend the effectiveness of the CLD treatment over a broader temperature and frequency range.
Experiment
The EMSD treatment was tested on an aluminum cantilever beam measuring O.318x1.27x25.4 cm. A pair of EMSD elements covering 10% of the length of the beam was applied symmetrically to the beam as shown in Figure 1 .The treatments were assembled and bonded to the beam with an epoxy adhesive. The dimensions of the Sensor Technology BM-532 piezoelectric elements are 2.54x1.27x0.102 cm. The EMSD was located at the root of the beam where the strain energy is greatest and consequently the treatment is most effective. Two beams were treated. One beam was treated with a viscoelastic material that achieves maximum damping at 27°C (DYAD6O6). The manufacturer, Soundcoat, recommends this material for temperatures between 10 and 66°C. The other beam was treated with a viscoelastic material that achieves maximum damping at 82°C (DYAD 609), and is recommended for temperatures between 49 and 140°C. The fixed end of the beam was attached to a linear bearing to limit motion to the direction transverse to the beam. A shaker was used as shown in Figure 2 to excite the beam with motion of the base. The shaker was driven with a bin-centered random multi-sine signal from a computer based spectrum analyzer. The frequency response function (FRF) for the beams was measured by placing an accelerometer at the free end of the beam and a second accelerometer near the root of the beam.
Piezoelectric
Modal damping ratios for the second and third modes were extracted from the FRFs by curve fitting with STAR Modal.
Figure 2 Experimental apparatus
The natural frequency of the shunt was controlled by adjusting the inductor. The shunt was tuned to either the second or the third natural frequency of the beam, which occur at roughly 210 and 610 Hz respectively for the untreated beam. The required inductance (L) of the shunt can be approximated from these resonant frequencies (J)and the capacitance (C) of the piezoelectric elements using equation 1. A parallel connection between the piezoelectric elements yields a capacitance of 14.2 nF. Therefore, the approximate inductance of the shunts must be 40 H and 5 1-1 for the second and third modes respectively.
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Two problems arise with inductors of the size required for this experiment. First, the weight of the inductor may be too large for many applications7. Second, the internal resistance of the inductor may exceed the optimum damping resistance.
Fortunately, a group at McDoimell Douglas7 developed a synthetic inductor as shown in Figure 3 that is smaller and has less internal resistance than large conventional inductors. The inductance of the synthetic inductor can be easily adjusted with the potentiometer. The inductor was adjusted so that the resonant frequency of the shunt coincided with either the second or third resonant frequency of the beam. When the shunt was properly tuned, the resonance peak in the FRF of the beam was split in two by an anti-resonance from the shunt. Figure 4 . The optimum damping resistance (R.) was determined empirically from the resonance peak as shown in Figure 5 and described by Hagwood and von Flotow3. 
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Figui'e 5 Example ofdamping resistance optimization. Curve c is optimized.
Results and Discussion
Frequency response functions were measured from 1 to 1 000 Hz at two temperatures. The untreated beam was tested as a baseline. The treated beams were tested without a shunt to determine the damping achieved by the conventional constrained layer damping. Finally, the piezoelectric elements were shunted with a tuned inductor and the optimized damping resistance. the EMSD is required to achieve optimal damping and a total reduction of 31dB. The conventional constrained layer treatment is less effective on the third mode (10dB) because the viscoelastic material looses its effectiveness at higher frequencies. The supplemental damping from the EMSD plays a more significant role in achieving the optimum damping that yields an 18dB reduction in peak amplitude. Figures 8 and 9 show the second mode of the beam treated with DYAD 609 at 55°C and 25°C respectively. The conventional constrained layer treatment provides nearly opthnal damping at 55°C and reduces the peak by 24dB. The EMSD reduces the peak only slightly further for a total reduction of 26dB. At 25°C, the conventional treatment only reduces the peak by 14dB because the viscoelastic material is less efficient at this temperature.
The EMSD provides the additional damping required for a total peak reduction of 29dB. From the above observations, it can be inferred that application of the EMSD treatment can improve the vibration damping ability of the constrained layer damping technique over a wider range oftemperatures and frequencies.
A model of the experiment was constructed using the fmite element method. Figure 10 shows the analytical frequency response functions for the beam treated with DYAD 606 in the vicinity of the second mode and at a temperature of 25°C.
Comparison of these analytical results with the corresponding experimental results in Figure 6 indicates that, in general, the model is stiffer. The excess stiffness of the model may be attributed to the use of generic material parameters, modeling the accelerometer as a point mass, and the assumption of a perfectly cantilevered beam. Furthermore, the analytical results indicate that the EMSD treatment suppresses the peak vibration amplitude more than was observed experimentally. The difference may be attributed to the assumption of pure electronic components (inductance, capacitance, and resistance) in the analysis. However, in general the agreement between the analytical and experimental results is good. The damping ratios () for the second and third modes of vibration were extracted with STAR Modal. Table 1 presents the damping ratios for the untreated beam, the beams treated with conventional constrained layer treatments, and the beams treated with the EMSD. The table also includes the inductance and damping resistance of the shunts. Clearly, the EMSD treatment consistently introduces more damping to the system than conventional constrained layer damping, thereby providing more vibration suppression in the vicinity ofthe natural frequency. 
Conclusion
Conventional constrained layer and active constrained layer damping are both effective vibration control methods for thin lightweight structures. However, each method has disadvantages: Conventional constrained layer damping is only effective over a limited temperature and frequency range. Active constrained layer damping requires a complex controller.
Electromechanical surface damping enhances the performance ofconventional constrained layer damping without adding the complexity of active control. The EMSD technique enhances the damping effectiveness (peak amplitude suppression) at targeted resonant frequencies. Consequently, the EMSD may be used to extend the damping effectiveness of the constrained layer damping technique over a broader temperature and frequency range.
The damping provided by the EMSD treatment was changed by adjusting the damping resistor. This adjustment could be automated by replacing the damping resistor with a temperature dependant resistor (a thermistor). A multi-mode resonant shunt such as the one used by Hollkamp9 could also be used to suppress more than one resonance peak simultaneously.
